here is a widespread acceptance in the literature that plasma nonesterified fatty acids (NEFA), also called free fatty acids (FFA), can mediate many adverse metabolic effects, most notably insulin resistance. Elevated NEFA concentrations in obesity are thought to arise from an increased adipose tissue mass. It is also argued that the process of fatty acid mobilization from adipose tissue, normally suppressed by insulin, itself becomes insulin resistant-thus, lipolysis is further increased, potentially leading to a vicious cycle. Although we have also accepted this model for many years (1,2), recently there has been a steady accumulation of data, both in the literature and from our own research, that has forced us to realize that this simple story is not always true. Here we review the background to the idea of "fatty acids as metabolic villains," together with data from the literature and from our own studies, which tend to show another side to the fatty acids/insulin resistance story.
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We will first examine the relationship between systemic concentrations of NEFA and obesity/insulin resistance and then study adipose tissue in the obese state with regard to its adaptation for NEFA release.
FATTY ACIDS AND METABOLIC PHYSIOLOGY
NEFA circulate in the plasma bound to plasma albumin. Their function was largely elucidated in the 1950s through the work of Vincent Dole (3) at the Rockefeller Institute in New York and Robert Gordon (4, 5) at the National Institutes of Health. Gordon demonstrated the origin of plasma NEFA from adipose tissue and their use by tissues such as the liver and myocardium, but not the brain.
We now recognize that NEFA are the vehicle by which triacylglycerol (TG) stored in adipose tissue is transported to its sites of utilization. NEFA turnover is rapid, with a plasma half-life around 2-4 min (6) . The only significant site of NEFA liberation into plasma is adipose tissue. The abdominal subcutaneous fat depot is the dominant source of NEFA; considerably less comes from leg adipose tissue and-against popular belief-only a small proportion of the systemic NEFA concentrations arises from intraabdominal adipose tissue (7) . In the fasting state, plasma NEFA arise almost entirely from hydrolysis of TG within the adipocyte. This process is highly regulated over short periods via modulation of the activity of the enzymes involved and conformation of the proteins that coat the adipocyte lipid droplet. It has been reviewed recently (8) , and we will not cover those aspects here. After a meal that contains fat, however, there is an additional and important route of generation of plasma NEFA. Lipoprotein lipase (LPL) in the capillaries of adipose tissue hydrolyses circulating TG, mainly the dietary fat carried in the chylomicrons. Fatty acids thus released are taken up into the adipocytes for storage, but a proportion always escapes and joins the plasma NEFA pool (9) in a process sometimes called spillover. As a result, the plasma NEFA pool changes in composition (the contributions of different fatty acids) after a meal to reflect the composition of the meal fat (10, 11) . Spillover fatty acids may constitute 40-50% of the total plasma NEFA pool in the postprandial period (12) . Spillover can be demonstrated using isotopic tracers in a number of other tissues (13) , but these do not contribute in a net sense to plasma NEFA. Spillover is also high (in percentage terms) when VLDL-TG is hydrolyzed by LPL in the fasting state, but the rate of hydrolysis is low in relation to intracellular lipolysis, so the contribution to systemic plasma NEFA is small (14, 15) . In obesity, when the LPL rate of action (per unit fat tissue) is normally lower than in lean individuals, the contribution of spillover fatty acids to the total NEFA delivery from adipose tissue is actually lower than in lean individuals (12) . The lower LPL activity leaves more TG unlipolysed in the triglyceride-rich lipoproteins passing adipose tissue, and these remnant lipoproteins are eventually taken up by the liver. In effect, this pathway converges with the spillover pathway in that it represents fatty acids that have not been taken up/been reesterified by the tissue.
Fat mobilization is suppressed rapidly by insulin. Plasma NEFA concentrations therefore fall after any meal that contains carbohydrates, which stimulate insulin release. Spillover fatty acids somewhat reduce this effect but do not override it. Circadian profiles of plasma NEFA concentrations therefore show the highest concentrations after an overnight fast, with suppression after each meal (15) (16) (17) (18) . Typical plasma NEFA concentrations in various physiological states have been reviewed previously (2) . They range from around 300-600 mmol/L in the overnight fasting state (depending upon methodology and cohort) to ;1,300 mmol/L after a 72-h fast. Plasma NEFA concentrations are usually found to be higher in women than in men (19) (20) (21) (22) , and this difference becomes more marked with short fasting (23, 24) . Our own data on this will be discussed below. They are suppressed during high-carbohydrate diets (25) and increased in stress states, e.g., concentrations of 1,720 mmol/L were found in racing drivers before a race (26) . During exercise, when fat is mobilized from adipose tissue to supply the working muscles, concentrations may rise somewhat (2), but often plasma NEFA concentrations remain relatively stable as removal by muscle increases to match adipose tissue lipolysis (27, 28) . In many studies of individuals with reasonably well controlled type 2 diabetes, plasma NEFA concentrations are not notably elevated (17, 29, 30) , although they increase in individuals with poorly controlled type 2 diabetes (17). We summarize measurements made in obesity later in this review.
FATTY ACIDS AND PATHOPHYSIOLOGY
In 1963, understanding of the importance of NEFA changed from physiology to pathophysiology with the description of the glucose-fatty acid cycle by Randle et al. (31) . The authors suggested that elevated NEFA concentrations were associated with "several abnormalities of carbohydrate metabolism, common to many endocrine and nutritional disorders." The first of these abnormalities described was impaired sensitivity to insulin. The link between elevated NEFA concentrations and insulin resistance has remained firmly entrenched in the literature. For instance, in an authoritative review on metabolic syndrome in 2005, Eckel et al. (32) wrote that "a major contributor to the development of insulin resistance is an overabundance of circulating fatty acids."
There have been many experimental verifications of this concept. Because of their limited solubility, it is not possible to infuse sufficient NEFA intravenously to raise plasma NEFA concentrations appreciably. Therefore an alternative technique has been developed based on the spillover concept described above. A lipid (TG) emulsion is infused intravenously, coupled with a low-dose infusion of heparin. Heparin releases LPL from its endothelial binding sites and also activates the enzyme. LPL therefore interacts with the lipid emulsion in the vasculature and releases substantial amounts of NEFA. With this approach, it is easy to show that elevated NEFA concentrations are associated acutely with insulin resistance, both with peripheral glucose uptake (33, 34) and hepatic gluconeogenesis (35, 36) and with impaired glucose tolerance (37) . Hepatic insulin clearance is also reduced (38) . Whether the excessively high NEFA concentrations (often in the range of 1,500 mmol/L or higher) usually achieved with this procedure are representative of those seen in states such as diabetes and obesity is a question we will return to later. It should also be noted that the situation is not one of pure NEFA elevation-TG concentrations are also increased, as are those of monoacylglycerols (39) . In addition, lipid emulsions contain large amounts of free glycerol, and a control experiment with equivalent glycerol infusion is usually called for.
Acutely elevated NEFA concentrations therefore lead to insulin resistance, as described above. Plasma NEFA are the main substrate for hepatic TG production in the form of VLDL (40, 41) . NEFA turnover is a determinant of VLDL-TG secretion and plasma TG concentration (42) . Because of these and other connections (e.g., elevated NEFA concentrations impair endothelial function [43] and raise blood pressure [44] ), it seems reasonable to suppose that elevated plasma NEFA concentrations might be a marker for metabolic and cardiovascular disease (2) . However, the evidence from prospective studies is far from convincing. Elevated NEFA concentrations at baseline are predictive of incident type 2 diabetes (45) (46) (47) . Recently, it has been suggested that there is confounding by other metabolic variables (notably 2-h postglucose load glucose concentrations) and that with appropriate adjustments the relationship with NEFA becomes inverse (48) . A similar conclusion was reached in a prospective cohort from the Ely study: fasting NEFA concentrations did not predict the development of metabolic syndrome or type 2 diabetes, but the reverse was true (49) . Two studies suggest a role for plasma NEFA in incident cardiovascular disease (50, 51) . This was not found, however, in the large Paris Prospective Study (52) ; instead, in that study, elevated plasma NEFA concentrations at baseline were associated with increased risk of hypertension (53), sudden death (54), and cancer mortality (52) .
Insulin resistance associated with longer-term lipid overload is now considered to involve accumulation of lipids in insulin-responsive tissues other than adipose tissue, so-called ectopic fat deposition (55) . Fatty acid uptake by insulin-sensitive tissues is also likely to be modulated by altered function/expression of transporter proteins (56) . The detrimental effects on insulin sensitivity and other cellular processes are known as lipotoxicity (57) . In skeletal muscle, an increase in intramyocellular lipid (cellular TG), associated with insulin resistance, is seen during Intralipid/ heparin infusion and clearly represents increased supply (58) . Although it is as yet unresolved as to whether regulatory defects in mitochondrial fatty acid oxidation, with the apparently concomitant intramyocellular TG accumulation, are primary or secondary to insulin resistance, the phenomena appear to be strongly linked (59) . Importantly, whatever the mechanism of the TG accumulation, there is evidence that interactions with insulin action are caused by a corresponding increase in active lipid moieties such as diacylglycerol, ceramide, or fatty acyl-CoAs rather than the inert TG pool. In a simple model, lipotoxicity reflects increased adipose tissue NEFA release. However, it is now recognized that fat accumulation in nonadipose tissues may reflect impaired disposal of fat as much as increased uptake (59) . However, in real-life pathophysiology, the same accumulation of intramyocellular lipid may well arise more through impaired oxidative capacity. Accordingly, lipotoxicity does not necessarily imply increased NEFA delivery.
NEFA CONCENTRATIONS IN OBESITY: SYSTEMATIC LITERATURE REVIEW
As discussed above, plasma NEFA arise from adipose tissue. Adipose tissue mass is increased in obesity. It seems a natural conclusion that plasma NEFA concentrations will be increased in obese individuals and that this could lead to the insulin resistance that is usually associated with obesity.
An early and much-cited observation in small groups of individuals (60) suggested this was true, although plasma NEFA concentrations were certainly not elevated in proportion to the increase in fat mass (NEFA elevation in gross obesity vs. lean 68%; difference in fat mass 10-fold). However, over the years a number of articles have appeared in which the expected differences between lean and obese are not so clearly seen. Obvious issues in interpreting the relationship between NEFA concentrations and obesity between studies are sample size and the known withinperson variability. This can be partly overcome by analyzing many studies in aggregate.
We explored this by means of a formal review of the literature. We searched the literature (PubMed, July 2009) for NEFA or FFA as well as obesity, and limited the results to original articles presenting human data. This resulted in 1,064 articles. We then required that at least two groups should be reported in each study: one overweight/obese and FATTY ACIDS, OBESITY, AND INSULIN RESISTANCE one control group. From each original article we then retrieved the following information: fasting plasma NEFA concentration, reported sex distribution, and BMI. We excluded studies on individuals with type 1 or type 2 diabetes. All studies published after 1990 with more than 10 subjects were included. In all, this resulted in 43 original reports including in total 953 nonobese (control) subjects and 1,410 overweight/obese subjects (Supplementary Table 1) . In each study, we estimated the average body fat mass based on sex, height, and BMI according to the algorithms proposed by James and colleagues (61) . The average fat mass was 16.3 kg in the control group and 41.2 kg in the overweight group. Finally, we calculated the difference in fat mass and NEFA concentration between the control group and the obese/overweight group in each respective study. The relationship between the difference in fat mass and the difference in fasting plasma NEFA concentration is depicted in Fig. 1 . Most studies showed greater NEFA concentration in the obese/overweight group, but the average difference was modest (in the range of 70 mmol/L), and appeared to be unrelated to fat mass. In summary, this systematic review would support the notion that the fasting plasma NEFA concentration is largely unrelated to body fat mass.
The largest study (n = 5,790) we are aware of in which the fasting NEFA concentration has been quantified along with anthropometric variables is the Paris Prospective Study (52) . The results of this study were not included in the systematic review as the NEFA concentrations have never been reported in groups defined along anthropometric variables. Instead, the Paris Prospective Study reported the BMI in quintiles of NEFA concentrations, clearly showing almost no effect on BMI with rising NEFA concentration. However, we are very thankful to Beverley Balkau for providing us with the original data from the Paris Prospective Study aligned to make possible a comparison with both the Oxford Biobank (OBB; see below) and the data collected from the systematic review. We divided the data from the Paris Prospective Study participants into quintiles of BMI and calculated the mean NEFA concentration in each quintile. This clearly shows a complete absence of relationship between BMI and the fasting NEFA concentration (Fig. 2) .
NEFA CONCENTRATIONS IN GROUPS FROM A RANDOM NONDIABETIC POPULATION SAMPLE
Cross-sectional relationships. Given the lack of association between plasma NEFA concentrations and measures of obesity in large-scale epidemiological studies, we asked whether more detailed phenotyping of fat mass would Table 1 ) between lean and overweight/obese subjects. Each bubble represents one study, and the bubble area is proportional to the number of observations (participants). 
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reveal the relationships that would be expected intuitively. For this purpose we analyzed data from the OBB, a population-based collection of data from healthy individuals in the Oxfordshire (U.K.) area aged 30-50 years (62). Overnight fasting plasma concentrations of NEFA and other metabolites/hormones were compared with anthropometric data. Plasma NEFA concentrations ranged from 95 to 2,080 mmol/L (median 470). They were significantly higher in women than in men (medians 517 and 434 mmol/L, respectively, P = 2 3 10 214 , Mann-Whitney test) as found in other studies (see above). Some univariate relationships for plasma NEFA concentrations are shown in Table 1 . The relationships between fasting plasma NEFA and measures of adiposity (BMI, fat mass) were not strong in women and were absent in men. For illustration of the size of the effect, the relationship with fat mass in women accounts for 0.3% of the variance in fasting plasma NEFA concentration; that with insulin accounts for 0.8% of the variance in either variable. There were significant relationships with systolic blood pressure and, in women only, with diastolic blood pressure; these were only slightly weakened by adjustment for fat mass. A significant relationship with high-sensitivity C-reactive protein noted in women was lost when controlled for fat mass. The strongest relationships noted with plasma NEFA concentrations were for a metabolic product, 3-hydroxybutyrate; the relationship with NEFA explained 36% of the variance in 3-hydroxybutyrate concentrations (men and women combined). Repeated measurements. The lack of strong relationships between plasma NEFA concentrations and other commonly measured variables raises the question of the day-to-day reproducibility of NEFA concentrations within individuals. A carefully conducted study in which fasting samples were taken from healthy individuals on consecutive mornings suggested very high variability (withinperson biological coefficient of variation 45%, compared with triglycerides 21% and glucose 5%) (63) . That might imply that plasma NEFA concentrations generate almost random numbers. Magkos et al. (64) found better agreement between NEFA concentrations measured on separate occasions $2 weeks apart (coefficient of variation 24%). Our experience of repeated measurements of plasma NEFA concentrations has been that there is a clear within-person trend. In one study with measurements 30 days apart, the correlation coefficient between the two NEFA measurements was 0.70 (P , 0.001) (compared with triglycerides 0.87 and glucose 0.70) (65). In 81 OBB participants returning after a longer interval (1-5 years) the correlation coefficient between the two NEFA measurements was 0.35 (P = 0.002) (compared with triglycerides 0.64 and glucose 0.5, each P , 0.001).
FASTING NEFA RELEASE IN RELATION TO FAT MASS OR FASTING INSULIN
As noted above, the literature suggests that NEFA concentrations do not increase in proportion to fat mass, with a clear corollary that lipolysis per kilogram fat mass must be reduced in obesity. This has been repeatedly seen in studies of adipocytes from obese individuals in vitro (66, 67) and is associated with downregulation of the expression of the key enzymes of fat mobilization, hormone-sensitive lipase and adipose triglyceride lipase (12, 66, 68, 69) .
This aspect of adipose tissue function in obesity has been studied with isotopic turnover techniques. Mittendorfer et al. (70) studied NEFA turnover in individuals with a range of BMIs (18-44 kg/m 2 ). The systemic rate of appearance of NEFA, when expressed per kilogram fat mass, clearly decreased across a wide range of fat mass (correlation coefficient 20.81, P , 0.001). Although not highlighted by the authors, a similarly negative association was present (r = 20.64, P = 0.06, n = 8 [men]) when recalculating raw data presented in the very first article describing NEFA turnover in obesity (71) . We have shown this also when comparing a group of abdominally obese men with lean control subjects over a 24-h period (12) .
This downregulation of lipolysis per kilogram of fat mass will tend to normalize plasma NEFA concentrations in obese individuals. Some extreme examples are seen in the literature. Reeds et al. (72) studied extremely obese insulin-resistant young women compared with lean control subjects. Despite a sixfold difference in fat mass, basal NEFA concentrations were identical in the two groups. In our own studies, abdominally obese men with 2.5 times the adipose tissue mass of a lean control group had almost identical NEFA concentrations over a 24-h period (12) .
However, it must be recognized that suppression of fat mobilization per kilogram adipose tissue may be counteracted by a large adipose tissue mass. In the study by Mittendorfer et al., the total rate of appearance of NEFA (whole-body) and the rate of appearance per kilogram fatfree mass were positively related to fat mass, i.e., overweight individuals may deliver more NEFA to their lean body mass. The relationship was shown over a very impressive range of fat masses (5-70 kg), but when studying the effect of NEFA delivery to lean mass within a normal fat mass range (20-40 kg), the increase in NEFA delivery was in the range of 15% for women and 25% in men in this study-albeit with a very considerable variation between individuals. Although there is an extremely close correlation between flux rate of NEFA and the systemic NEFA concentration in fasting humans (73) , the former is the more important variable when it comes to evaluating fatty acid uptake by insulin sensitive tissues. It is certainly possible that the NEFA plasma concentration slightly underestimate the NEFA flux rate in obesity. Upper-body subcutaneous fat is the largest contributor to the systemic NEFA pool (74) . We therefore explored NEFA production rates further with a database of experiments in which we have directly measured fasting NEFA release from subcutaneous abdominal adipose tissue in volunteers using arteriovenous difference methodology in conjunction with measurement of adipose tissue blood flow (75) . The individual studies considered are listed in Fig. 3 . The subjects covered a range of metabolic phenotypes, from young, lean, healthy volunteers to middle-aged, overweight/obese, type 2 diabetic patients. When we plot the rate of NEFA release from subcutaneous abdominal adipose tissue (per 100 g tissue) against the total fat mass (kg) (Fig. 3A) we find, across the studies, a marked negative relationship-that is, as fat mass increases, so NEFA release per unit weight of adipose tissue decreases. There was a similar strong relationship when plotted against fasting insulin (Fig. 3B) , suggesting that the hyperinsulinemia of insulin resistance, or long-term adaptation to hyperinsulinemia, are means by which fatty acid release is downregulated.
NONFASTING NEFA CONCENTRATIONS
NEFA concentrations are normally at their highest in the fasting state, and because of the antilipolytic action of insulin released in response to ingestion of carbohydrates, the concentrations go down in the postprandial state. We will now examine the possibility that postprandial, diurnal, or nocturnal NEFA concentrations are elevated in obesity or insulin resistance despite the apparent absence of a difference with lean individuals in the fasted state as outlined above. The rationale for this supposition comes from the fact that adipose tissue could be seen as insulin resistant in obesity and therefore as not responding adequately to the antilipolytic action of insulin (29) . The literature is limited in this area, and we have deliberately avoided studies in diabetes because that would inevitably involve a relative deficiency in insulin or its action. Golay et al. (76) studied diurnal NEFA concentrations in lean and obese individuals from the fasted state and over two meals. In that study the fasting NEFA concentration was 50% higher (P = 0.02) in the fasted state in obese individuals, which is more than expected from the systematic review above, and overall 30% higher (P = 0.02) in the 8-h postprandial state. However, the authors noted that "the postprandial declines in plasma FFA [NEFA] concentrations were similar, in both absolute and relative terms" in the two groups. Heptulla et al. (77) studied lean and very obese (3-4 3 body fat content) teenaged girls and boys over a 24-h period under metabolic ward conditions with fixed caloric intake. NEFA concentrations over 24 h were higher in the obese children, but clear suppression of NEFA concentrations in response to feeding was seen in both lean and obese children. However, as both groups received a fixed daily 2,200 kcal diet, it could be speculated that the obese children were kept on the hypocaloric side compared with the lean children and that this could have been driving lipolysis in this group. We compared circadian NEFA profiles in lean and abdominally obese men over a 24-h period, finding no overall differences (12) .   FIG. 3 . Relationships between NEFA release from subcutaneous abdominal adipose tissue and fat mass (A) and fasting insulin (B) in different groups of subjects. The NEFA release has been quantified with the same technique in separate group of subjects from previous studies in our laboratory using arteriovenous concentration differences across abdominal subcutaneous tissue multiplied by the tissue blood flow. Only data from men are shown. Open circle, healthy lean control subjects; solid circle, healthy obese subjects (62) . Solid square, lean control subjects (80) . Upward triangle, lean control subjects (81) . Cross, lean control subjects (82) . Square with hour-glass fill: healthy control subjects aged 31-59 years, BMI 22-28 kg/m 2 (K. Manolopoulos, unpublished data). Open star, control subjects for insulin resistance study; solid star, men with insulin resistance (83) . Downward triangle, healthy obese men (12) . Open diamond, type 2 diabetic patients on rosiglitazone; solid diamond, same patients on placebo (84) . Note that the different groups of lean control subjects had different characteristics (age, BMI) as detailed in the individual publications. For each group, mean values 6 SE are shown.
A slightly reduced antilipolytic effect was seen after the breakfast meal in the obese group, but over the remaining 19 h there were no differences. The fat to carbohydrate composition of a diet could influence postprandial NEFA concentration. In a recent study by Hernandez et al. (78) comparing the metabolic effects of weight loss in groups on either a high-carbohydrate or a high-fat diet, the fasting NEFA concentration was not different between the groups whereas the postprandial and diurnal suppression of NEFA was almost completely abolished in the high-fat diet group, leading to drastically higher 24-h NEFA concentrations. Of note, in the same study conventional measures of insulin sensitivity (fasting glucose and fasting insulin concentrations) were unchanged in the highfat diet group. Finally, Rosenthal and Woodside (79) reported on nocturnal NEFA concentrations comparing a group of young with a group of old equally nonobese men. The younger group had on average 20% higher (P , 0.05) nocturnal NEFA concentrations, while having clearly lower nocturnal insulin concentrations, the latter of which could be taken as a sign of higher insulin sensitivity. In summary, there is mixed evidence for the notion that obesity is associated raised postprandial, diurnal, or nocturnal NEFA concentrations. There is need for more studies in this area, and close attention must be given to the nutritional and methodological elements of such studies.
SUMMARY AND CONCLUSIONS
The idea that increased adipose tissue mass leads to elevated plasma NEFA concentrations, and these in turn to insulin resistance in insulin target tissues, is appealing and entrenched in the literature. However, many studies over several decades lend credence to a different picture. As adipose tissue mass expands, NEFA release per kilogram adipose tissue is downregulated, not increased. In many obese individuals, this can lead to normalization of plasma NEFA concentrations. Some elevation of NEFA concentrations is undeniable in certain groups of obese individuals and in type 2 diabetes, and tracer studies tend to show that NEFA delivery to nonfat tissues is increased even if plasma concentrations are not much raised. However, it is clear that insulin resistance, even severe insulin resistance, can exist in obesity without elevation of NEFA concentrations. It is also clear that elevated NEFA concentrations are not necessarily associated with insulin resistance. Two commonly seen examples are women versus men and younger versus older subjects. Women have very significantly raised NEFA concentrations compared with men, yet tend to be more insulin-sensitive and to have better lipid profiles.
We believe that more dynamic studies are needed to clarify relationships between obesity and fatty acid kinetics. We suggest that clamp studies may be misleading when applied to NEFA dynamics because in everyday life plasma insulin concentrations are elevated in insulin resistance, and so-called insulin resistance of adipose tissue lipolysis may simply reflect an adaptation to consistently high ambient insulin concentrations. In the absence of a convincing demonstration of excessive NEFA delivery from adipose tissue in the obese state to explain insulin resistance, more emphasis should be put on alternative explanations such as impaired adipose tissue fat storage (12) or dysfunctional regulation of adipokines or adiposerelated inflammatory cytokines. We propose that it is time to reevaluate the relationships between adiposity, fatty acids, and insulin resistance.
